Objective: The purpose of this study was to explore the optimal cutoffs of the three parameters of Ki67 during NAC for predicting patient prognosis and investigate whether the optimal cutoffs of the Ki67 values were associated with relapse-free survival (RFS) or breast cancer-specific survival (BCSS). Methods: A total of 92 patients with locally advanced breast cancer (LABC), who had residual disease after NAC were retrospectively investigated. The optimal cutoff values of the Ki67 parameters were assessed by the online algorithm Cutoff Finder. Kaplan-Meier analysis, the log-rank test and Cox regression analysis were carried out to analyze survival.
Introduction
Neoadjuvant chemotherapy (NAC) is a standard management therapy for patients with locally advanced breast cancer (LABC). NAC routinely decreases tumor size to increase the success rate of resection and breast-conserving surgery 1, 2 . NAC also lowers lymph node staging, allowing sentinel lymph node biopsy instead of axillary lymph node dissection 3, 4 . Moreover, the surgical specimens after NAC even provide an opportunity for assessing biomarkers as therapeutic and prognostic predictors 5 . A meta-analysis comprising nine randomized trials showed that NAC was equivalent to adjuvant chemotherapy in terms of disease progression and overall survival (OS) 6 . Several studies also indicated that pathologically complete response (pCR) after NAC in either primary breast lesions or positive axillary nodes, but especially when both sites achieved pCR had a favorable long-term outcome compared with non-pCR [7] [8] [9] . However, the prognosis is quite different among the nonpCR patients 10 . The identification of prognostic factors for these patients is under investigation. It is very important to find a new prognostic marker for stratifying these patients and distinguishing which patients might benefit from subsequent therapy.
The proliferative index using Ki67 as a prognostic and predictive indictor has been extensively investigated in breast cancer. High levels of Ki67 were associated with an unfavorable prognosis. A meta-analysis of 46 studies including 12155 patients indicated that high Ki67 expression was associated with unfavorable relapse-free survival (RFS) and OS in early-stage breast cancer patients 11 . In the NAC setting, three parameters, the pretherapeutic Ki67 level, postsurgical Ki67 level and change in the Ki67 level, could be obtained and assessed. Pretherapeutic Ki67 cutoffs in the range between 4% and 58% have been reported to be associated with prognosis 12 . A recent study also showed that high Ki67 levels in residual disease after NAC were associated with early metastasis 13 . Von Minckwitz and colleagues reported that patients whose Ki67 levels decreased during NAC had an excellent outcome, which was even superior to the outcomes of patients who had lower baseline Ki67 levels in biopsy samples 14 . It is unclear which of the three variates has the most significance regarding the prognosis of patients with residual disease.
In this retrospective study, we explored the optimal cutoff values for the three Ki67 parameters during NAC to predict prognosis. Next, we investigated whether the optimal Ki67 cutoff value was associated with RFS or breast cancer-specific survival (BCSS).
Materials and methods

Patients
The Institutional Review Board of Shantou University Medical College Cancer Hospital approved this study. From December 2009 to September 2013, 1,329 patients with primary breast cancer who were hospitalized in the Breast Center at the Hospital were identified. Patients with bilateral breast cancer and distant metastasis were excluded. A total of 104 patients receiving NAC were preliminarily included in this study. An absence of pathologic evidence of residual disease in the breast and axillary lymph nodes was defined as a pCR. As shown in Figure 1 , 99 (95.2%) patients did not achieve a pCR. Among the 99 patients, one patient had ductal carcinoma in situ, and 6 patients had only residual lymph node involvement. In total, 92 patients with residual disease in the breast, which can obtain paired Ki67 value before and after NAC in the primary breast cancer, were enrolled in this study. Their demographic and clinicopathologic characteristics were obtained from the hospital medical records.
Treatment regimens
The basic chemotherapy regimens were as follows: TEC (docetaxel 75 mg/m 2 , epirubicin 80 mg/m 2 , and cyclophosphamide 500 mg/m 2 every 3 weeks for 18 weeks); FEC→ T (5-fluorouracil 500 mg/m 2 , epirubicin 100 mg/m 2 , and cyclophosphamide 500 mg/m 2 every 3 weeks for 9 weeks, followed by docetaxel 100 mg/m 2 every 3 weeks for another 9 weeks); and CEF (cyclophosphamide 500 mg/m 2 , epirubicin 100 mg/m 2 , and 5-fluorouracil 500 mg/m 2 on days 1 and 8 every 3 weeks for 18 weeks). Although thoroughly informed of the benefits of targeted therapy for patient outcome, only two patients with human epidermal growth receptor-2 (Her-2) positive breast cancer received neoadjuvant targeted therapy, with the others opting against the treatment for financial reasons. Surgery was performed after 4 or 6 NAC cycles depending on the patient's response and their choice. All the patients underwent breast-conserving surgery or mastectomy and underwent axillary lymph node dissection while striving 
Results
Clinicopathological characteristics of the patients
The patients' clinicopathological characteristics used in this study are summarized in Supplementary Immunohistochemically, the median Ki67 value before NAC was 30% (range 1% to 80%). After NAC, the median Ki67 value was 20% (range 0% to 80%).
Changes in Ki67 levels before and after NAC
To determine the changes in Ki67 levels during NAC, Ki67 levels in the preoperative biopsy and surgical specimens after NAC from the same patient were assessed. As shown in Table 1 , the median Ki67 value before NAC was 30%, and the interquartile range (IQR) was 30% to 57%. In the samples after receiving NAC, the median Ki67 value was 20% (IQR: 10%-30%). As shown in Supplementary Figure S1A , the Ki67 level was obviously decreased after NAC (P < 0.001). Next, we stratified the patients as with or without relapse/metastasis. In the group without relapse or metastasis (65.2%), the Ki67 value was significantly decreased after NAC (P < 0.001, Supplementary Figure S1B), and the median pretherapeutic Ki67 value was 40% (IQR: 22%-50%), and the postsurgical median was 20% (IQR: 10%-30%) ( Table 1) . A reduction in the postsurgical Ki67 value was observed in the patients with relapse or metastasis (34.8%), but it was not a significant difference compared to the pretherapeutic Ki67 value (P = 0.068, Supplementary Figure S1B ).
Optimal cutoffs of the three parameters relevant to the Ki67 levels during NAC
As shown in Figure 2A , 0 out of 8 cut points for the pretherapeutic Ki67 level were significant, and the optimal cutoff value was 55%. Receiver operating characteristic (ROC) analysis showed that when pretherapeutic Ki67 levels greater than 55% were used for prediction of RFS, the area under the curve (AUC) was 0.53 (P = 0.075), the sensitivity was 37.5% and the specificity was 81.7% ( Figure 2B ). For the postsurgical Ki67 level after NAC, 2 out of 6 cut points were significant, and the optimal cutoff value was 25% ( Figure 2C ). When a postsurgical Ki67 level larger than 25% was used for predicting RFS, the AUC was 0.65 (P = 0.002), the sensitivity was 65.6%, and the specificity was 68.3% ( Figure 2D ). Regarding the Ki67 change during NAC, 4 out of 12 cut points were significant, and the optimal cutoff value was 12.5% ( Figure 2E) . When a Ki67 decrease > 12.5% was used as a predictor for negative RFS, the AUC was 0.6 (P = 0.015), the sensitivity was 56.7% and the specificity was 71.9% ( Figure 2F ).
Univariate survival analysis
All patients were followed until July 2016, and the median Table S1 ). According to the optimal cutoffs for the Ki67 levels, the postsurgical Ki67 level and the decrease in the Ki67 level were applied to the survival analysis. As shown in Figure 3A , patients with postsurgical Ki67 levels ≤ 25% had a significantly longer RFS than those with postsurgical Ki67 levels > 25% (P = 0.004). The average RFS times of patients were 65 (95% CI: 58-73) months and 44 (95% CI: 35-53) months, respectively ( Table 2 ). The 5-year RFS rates were 76.5% and 47.9%, respectively. Patients with a Ki67 expression decrease > 12.5% had significantly longer RFS compared to those with a Ki67 expression decrease ≤ 12.5% (as shown in Figure 3C , P = 0.007). The average RFS times of patients were 66 (95% CI: 59-74) months and 46 (95% CI: 37-54) months, respectively ( Table 2 ). The 5-year RFS rates were 78.1% and 51.0%, respectively. Other variables that correlated with RFS in the univariate analysis included histological grade (P = 0.008), ER status (P = 0.005), and PR status (P = 0.029) ( Table 2 ). There were no statistically significant differences related to RFS in terms of age, menstrual status, clinical tumor stage, clinical lymph node stage, pathologic tumor stage, pathologic lymph node stage, histologic type, Her-2 status or molecular subtype (P > 0.05).
Moreover, patients with postsurgical Ki67 levels ≤ 25% had longer BCSS compared to those with postsurgical Ki67 levels > 25% (P = 0.014) ( Figure 3B) . The average BCSS times of patients were 71 (95% CI: 65-77) months and 56 (95% CI: 49-64) months, respectively ( Table 3 ). The 5-year BCSS rates were 85.8% and 61.2%, respectively. As shown in Table 3 , other variables that correlated with BCSS in the univariate analysis were histological grade (P = 0.023) and ER status (P = 0.006). The molecular subtype had marginal 
Multivariate survival analysis
In a multivariate analysis, the Ki67 expression change (> 12.5% vs. ≤ 12.5%) and histological grade (grade 3 vs. grade 1-2) were the independent factors for RFS (P = 0.020 and P = 0.023, respectively), with HR values of 0.353 (95% CI: 0.147-0.850) and 3.422 (95% CI: 1.188-9.858), respectively ( Table 2) . However, only histological grade (grade 3 vs. grade 1-2) was an independent factor related to BCSS (P = 0.042), with an HR of 3.579 (95% CI: 1.046-12.238) ( Continued between these three Ki67 values and prognosis more thoroughly.
The optimal cutoffs for the use of three Ki67 values as prognostic factors in patients with residual disease currently remains uncertain. In this study, the optimal cutoff values for the pretherapeutic Ki67 level, postsurgical Ki67 level and Ki67 level change during NAC were 55%, 25% and 12.5%, respectively. In the ROC analysis, only the postsurgical Ki67 level and the decrease in the Ki67 level had significance for predicting RFS. Most of the Ki67 cutoff values in previous studies were determined through a dichotomy of direct calculations [20] [21] [22] , whereas the optimal cutoffs of the Ki67 level parameters in this study were acquired from an online biostatistical calculator, which is more appropriate and reliable from a methodological and statistical point of view 18 .
Which of the three Ki67 variables is the most significant for prognosis is undetermined. Numerous studies have reported that the prechemotherapy Ki67 level was the most significant predictor of therapeutic response and prognosis [23] [24] [25] [26] . Our unpublished data demonstrated that higher Ki67 levels in core needle biopsy samples were associated with good therapeutic responses. Consistent with previous reports, high pretherapeutic Ki67 levels were significantly associated with pCR, but these levels were not significantly related to RFS or OS 24 . In line with this finding, Denkert and colleagues found that the core needle biopsy Ki67 level was not associated with either RFS or OS over a wide range of cutoff values in non-pCR patients 12 . Our data showed that the prechemotherapeutic Ki67 level had no significant association with RFS when using the optimal cutoff value. Therefore, we concluded that high Ki67 expression in the core needle biopsy was more likely a predictor of good responsiveness to chemotherapy, but not a prognostic predictor.
Whether the post-chemotherapy Ki67 level was a marker for predicting outcome in patients with residual disease was still undefined. A recent study showed that the Ki67 expression level in residual tumor tissue was correlated with patient prognosis, and those with lower Ki67 expression after chemotherapy had a better prognosis than those with higher Ki67 expression 27 . Several studies also demonstrated that higher Ki67 expression in the postsurgical specimen was independently associated with poorer RFS and OS compared to low Ki67 expression 8, 28 . In these studies, post-treatment Ki67 expression level was found to be more useful for predicting outcomes than either the pretherapy Ki67 value or the change in the Ki67 value during NAC. These findings were also supported by other studies 14, 29 . Although similar to the above outcomes, our study showed that high postsurgical Ki67 levels were significantly related to RFS and BCSS in univariate survival analysis, but were not significant in multivariate survival analysis. Consistent with our result, another investigator found that the postsurgical Ki67 level was not an independent factor for survival [30] [31] [32] . Our results found that only the histological grade of the tumor was independently associated with RFS and BCSS by Cox regression analysis.
In the present study, we observed that the Ki67 level was obviously decreased after NAC, which was consistent with several published studies 29, 31, 33, 34 . Moreover, the Ki67 level was significantly decreased in the no relapse or metastasis group compared to that in the relapse or metastasis group. A recent study supported our result and confirmed that patients with higher Ki67 values in the postsurgical specimen were more prone to metastasis, particularly in the short term after surgery 13 . This phenomenon might be explained by several previous studies in which good NAC responders often exhibited reduced Ki67 expression 14, 31 . Thus, we speculated that the cancer cells sensitive to chemotherapy were mostly killed during NAC, and consequently, those patients showed low or no Ki67 expression in their residual cancer cells.
It has been reported that high pretherapy Ki67 levels are stronger predictors for good therapeutic response and poor markers for prognosis [23] [24] [25] [26] . This conflicting result may be partly due to the highly proliferative cancer cells being sensitive to drugs and killed by chemotherapy. Consequently, patients with a reduction in Ki67 expression can obtain a better treatment benefit. In this study, we demonstrated that the Ki67 expression change during NAC was an independent predictor for RFS. In agreement with our findings, Matsubara et al. found that the Ki67 expression decrease during NAC was an independent prognostic factor for RFS, but pre-and post-treatment Ki67 levels were not independently correlated with prognosis in a multivariate analysis 33 . Their further investigation indicated that the Ki67 expression change was an independent prognostic marker for RFS in the Luminal B (HR positive, Her-2 negative and Ki67 > 14%), TN, and Her-2(+) subtypes. Taken together, these data may suggest that if a tumor belongs to the group with no apparent response to NAC, no apparent change or an increased in the Ki67 level may be an indicator of unfavorable prognosis. The selection of patients with residual disease at high risk after NAC is crucial to tailoring a more accurate individualized therapy, such as the administration of an LHRH analogue for premenopausal HR(+) patients, extension of targeted therapy for Her-2(+) patients, and administration of Capecitabine, which significantly increased OS in Her-2(-) patients with residual disease 35 .
The present study also has certain limitations. First, this was a retrospective study with a small sample size. A Cox regression of the log hazard ratio based on a sample of 92 cases with a standard deviation of 0.502 achieves 72.2% power at a 0.05 significance level to detect a regression coefficient equal to -1.0410, which might compromise the study results. Second, although most patients (85.9%) received anthracycline-and taxane-based chemotherapy regimens, only 2 patients received trastuzumab as a neoadjuvant targeted therapy. This might influence the postsurgical Ki67 level and then affect the change in the Ki67 level. Finally, not all the Her-2(+) patients received trastuzumab as adjuvant targeted treatment because of economic status. This aspect might compromise the survival results.
Conclusions
A larger Ki67 expression decrease was one of the independent factors associated with favorable RFS in patients with residual disease after NAC. Our results suggested that both biopsy Ki67 and postsurgical Ki67 levels were important and provided different information for clinical practice. The postsurgical Ki67 level may be important to identify patients with highly proliferative residual disease, while pretherapeutic Ki67 level can be a good predictor for therapeutic responsiveness. We rationalized that the pivotal role of the change in the Ki67 level can act to integrate the intrinsic prognostic information and the benefit-related information from treatment. Our findings need to be further validated in a large cohort. 
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